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The efficiency of the collision-induced dissociation (CID) process as a function of the internal
energy deposited into the ion during the ionization event was evaluated. (M  H) ions of
pyrrole, pyrrolidine, pyridine and piperidine (five and six-membered ring heterocyclics) were
generated by chemical ionization (CI). The internal energy of the ions was varied by using
different reagent gases. Both high-energy (keV) and low-energy (eV) CID were performed on
these ions. The experiments showed that the (M  H) ions of the five-membered ring
compounds, pyrrole and pyrrolidine, have higher fragmentation efficiencies than the six-
membered ring compounds, pyridine and piperidine. Fragmentation efficiencies in high-
energy CID clearly correlate with the internal energy deposited by the ionization technique.
Experiments showed that the low-energy CID process is more sensitive than high-energy CID
to changes in internal energy. (J Am Soc Mass Spectrom 2003, 14, 102–109) © 2003 American
Society for Mass Spectrometry
Chemical ionization is one of the most wide-spread ionization techniques used in mass spec-trometry. In chemical ionization, collisions be-
tween reagent gas ions and sample molecules produce
abundant pseudo-molecular ions characteristic of the
sample [1]. Ionization in CI can occur by different
mechanisms such as charge exchange, electrophilic ad-
dition, proton transfer, hydride abstraction, or other
anion abstraction mechanism [1–3]. Proton transfer
from a reagent gas ion (B  H) to a sample molecule
M is the most common process and is represented by
the equation:
B H M3 M H B (1)
The internal energy (H) of the (M  H) ion produced
by proton transfer depends on the proton affinities (PA)
of the species involved and is described by the equa-
tion:
H PA (B) PA (M) (2)
Fragmentation of the (M  H) ion in CI spectra
depends on its internal energy, which can be controlled
by varying the reagent gas. In general, fragmentation
increases when the exothermicity of the proton transfer
reaction increases. It is possible to predict which proton
transfer reactions will occur in a particular system, since
values of PA of a large number of compounds are
tabulated [4]. CI spectra are often simple, frequently
giving only molecular weight information; therefore,
activation techniques such as collision with a neutral
gas are commonly used to increase the internal energy
of the ion and promote fragmentation. It is well known
that fragmentation observed in collision-induced disso-
ciation depends upon the internal energy present in the
ions prior to collision as well as the energy deposited
during collisional activation. There are limited publica-
tions on the role of precollisional internal energy on
CID spectra and they show conflicting results. Some
studies indicate that precursor ion internal energy has a
negligible effect on the CID spectrum, except for prod-
uct ions formed through processes with the lowest
activation energy [5–8]. In contrast, other studies indi-
cate that CID spectra can be highly dependent on initial
energy of the precursor ion and/or angular momentum
[9–12].
The effect of internal energy on the relative rates of
the reactions competing in high-energy (HE) CID pro-
cesses has been studied by varying the electron energy
in electron ionization (EI) [5]. According to the results,
precursor ion internal energy has a negligible effect on
the CID spectrum, except for product ions formed
through the processes of lowest activation energy. The
effect of the degrees of freedom of the analyte on ion
internal energy has also been investigated [9]. In these
experiments, the differences in HE-CID spectra of ben-
zoyl ions formed from a series of homologous com-
pounds were attributed to different internal energy
distributions in the fragmenting ion. McLafferty et al.
[6] reviewed these results by forming the ions by
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electron ionization at 14 and 70 eV. They concluded that
the HE-CID spectra of benzoyl ions were independent
of their internal energy and mode of formation since no
differences were observed. An ingenious experiment
was designed by Beynon’s group [10] in which different
portions of a metastable peak were sampled. Ions with
different internal energies were selected and allowed to
undergo CID. It was shown that the location of an ion
within the metastable peak envelope correlated with its
internal energy. Thus, the ions sampled from the edges
of the metastable peak were the least excited and the
ions taken from the center were the most excited, as
reflected in the HE-CID spectrum. Bowers and cowork-
ers [11] showed that ions generated by selected ion-
molecule reactions could have energies that vary over
several electron volts, and that the HE-CID spectrum
depends on the internal energy of the ions prior to
collision. Later studies performed by the same group
[12] included charge-stripping reactions and showed
that the charge stripping spectra of the ions studied
were strongly dependent on internal energy. The most
recent studies on the role of precollisional internal
energy on HE-CID spectra were reported by Scrivens
and coworkers [13]. In these studies, (M  H) ions
from Irganox 1076, a polymer additive were formed by
various ionization techniques and then allowed to un-
dergo CID. It was demonstrated that the variation in
relative abundance of various fragment ions present in
the CID spectra was correlated to differences in the
internal energy transferred to the precursor ion during
ionization.
Although there are several studies that indicate the
importance of internal energy on CID spectra, it is still
often assumed that the ions have no memory of where
and how they were formed, as implied by the quasi-
equilibrium theory. We are interested in understanding
the effects of internal energy on high- and low-energy
(LE) CID spectra. In the present work, (M  H) ions of
several heterocyclic amines were formed with different
internal energies via chemical ionization using different
reagent gases. The effect of precollisional internal en-
ergy on the subsequent CID spectra of these amines is
reported.
Experimental
Pyridine, piperidine, pyrrole, and pyrrolidine (Figure 1)
were purchased from Aldrich Chemical Co. (Milwau-
kee, WI). These compounds were used as received,
except for pyrrole, which was passed through a silica
gel column to remove oxidation products. The com-
pounds were introduced into the mass spectrometer
through a variable leak valve (Granville Phillips, Boul-
der, CO, Series 203). The valve was placed inside the
oven of a gas chromatograph so that its temperature
could be regulated as needed. Mass spectra were ob-
tained on a Finnigan MAT95Q (Finnigan MAT, San
Jose, CA) hybrid sector mass spectrometer of BEoQ
configuration, where o is a RF-only octopole, which acts
as a collision cell. The compounds were ionized by
positive chemical ionization using methane, isobutane
and ammonia as reagent gases, with their pressures
adjusted to obtain an [M  H]/M ratio of 10  3.
Even though the MAT95Q has separate lines for each of
the reagent gases used in the experiments, the gas lines
and the ion source were pumped down for thirty min
after changing reagent gases in order to minimize
cross-contamination of the spectra, as indicated by the
absence of reagent ions from the previous reagent gas.
For high-energy CID experiments, (M  H) ions of
interest were selected with the magnetic sector and
allowed to collide with helium at 5 keV in the field-free
region between the magnet and the electric sector.
Helium pressure was increased from 106 to 105 mbar
(measured as analyzer pressure because of the ion
gauge position, and uncorrected for He) until 97% or
more of the precursor ion intensity was attenuated. The
product ions were analyzed according to their kinetic
energies by scanning the electric sector. This technique
is also known as MIKES [14]. Twenty scans were
acquired and averaged at each collision gas pressure.
Metastable ions were also studied by MIKES in the
absence of collision gas.
Precursor ions for low-energy CID were selected by
the double focusing (BE) mass spectrometer, deceler-
ated to the appropriate collision energy and passed to
the octopole collision cell where they collided with
Argon as the collision gas. Collision gas pressure was
increased from 106 to 105 mbar. The collision energy
was varied from 5 to 95 eV in 10 eV increments at each
collision gas pressure by changing the offset voltage
applied to the octopole. Product ions were mass ana-
lyzed with the quadrupole mass analyzer of the
MAT95Q. Ten scans were acquired and averaged at
each collision energy.
High- and low-energy CID experiments were per-
formed in triplicate for each reagent gas and an average
of the three analyses was used for all the calculations.
Figure 1. Five- and six-membered heterocyclic compounds.
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Most of the graphs shown here include error bars
equivalent to plus and minus one standard deviation.
Results and Discussion
Chemical ionization with methane, isobutane and am-
monia successfully produced (M  H) ions that un-
derwent CID. Based on the proton affinities of the
species involved and by calculating the exothermicity of
the proton transfer reaction with eq 2, the ionization
process with methane CI (reagent ions CH5
 and C2H5
)
is expected to be the most exothermic, and therefore, the
(M  H) generated with methane will have the most
internal energy. On the other hand, proton transfer
reactions involved in ammonia CI will be the least
exothermic and the (M  H) ions will have the least
internal energy. Proton affinities of the compounds and
reagent gases used in these experiments are shown in
Table 1.
Metastable Ions
A metastable ion is one that is sufficiently stable to
survive the ionization conditions of the ion source, but
is not stable enough to reach the detector before disso-
ciating [15]. Excess internal energy imparted during
ionization may be released upon dissociation as trans-
lational energy of the dissociation products. This causes
a spread in the velocity of the product ions, resulting in
broadening of the metastable ion decomposition peak
shape. Thus, kinetic energy release (KER) measure-
ments allow precise estimation of a quantity related to
the internal energy distribution of the precursor ion
[16].
KER [14] values for the metastable decompositions of
the (M  H) ions formed by CI with different reagent
gases were calculated in order to correlate the internal
energy deposited by the ionization technique with its
effect on tandem mass spectra. The relative intensities
of the metastable ions were very low (0.03% of the
normalized precursor ion intensity). For the com-
pounds studied, no metastable transitions were ob-
served for (M  H) ions generated by isobutane or
ammonia CI. The absence of metastable ions indicates
that the internal energy of the precursor ion prior to
collisions must be less than the critical energy for the
pathway of lowest dissociation energy [15]. For proton-
ated pyrrole, a metastable ion at m/z 41 was observed
only when methane was used as reagent gas, which
corresponds to the neutral loss of HCN. For pyridine,
no metastable ion decomposition is observed for the
(M  H) ion (m/z 80) even with methane CI, which
imparts 4 eV of internal energy. A metastable ion at m/z
30 was observed for pyrrolidine with methane and
isobutane CI produced ions. Two metastable ions, m/z
69 and m/z 30, which correspond to neutral losses of 17
u (NH3) and 56 u (C3H6N), respectively were observed
for piperidine (M  H) ion generated by methane CI.
The peak at m/z 30 in the metastable ion spectra of
piperidine and pyrrolidine is common for secondary
amines and corresponds to NH2CH2
 produced by
rearrangement [17].
Correlation of internal energy deposited by proton
transfer reactions from various reagent gases with
metastable kinetic energy release was not possible due
to the lack of metastable ions with reagent gases other
than methane. The low intensity of the metastable ions
and associated large error bars for methane CI preclude
any correlation of PA and KER for the molecules
studied.
Fragmentation Efficiency/HE-CID
Fragmentation efficiency (Ef) is defined as the fraction
of detected ions that are fragment ions [18] and is given
by
Ef  FiFi P (3)
where Fi is the sum of the intensities of all the
fragment ions, P is the remaining precursor ion inten-
sity and Po is defined as the parent ion intensity when
no collision gas is introduced. In order to estimate the
energy deposited by the ionization technique and its
effect on HE-CID the fragmentation efficiencies for the
(M  H) ions formed by CI with the different reagent
gases were compared. In these studies, fragmentation
efficiency was calculated as the collision gas pressure
was increased. Because the pressure of the collision gas
is typically not measured directly in the collision cell of
a sector mass spectrometer but rather at a nearby
location, it has been suggested that precursor ion trans-
mission (P/Po) or attenuation (1-P/Po) be measured
instead of pressure [18, 19]. Although measuring atten-
uation takes care of differences in both collision cell
designs and pressure gauges, and facilitates compari-
son of data taken with different instruments, [18, 19] it
will be shown that pressure is a more useful parameter
to plot.
Increasing the collision gas pressure increases the
fragmentation efficiency; the collection efficiency, how-
ever, decreases as the collision gas pressure increases
because of scattering and neutralization losses in the
Table 1. Proton affinity values for species of interest
Species PA (eV)*
C4H5N Pyrrole 9.07
C4H9N Pyrrolidine 9.82
C5H5N Pyridine 9.63
C5H9N Piperidine 9.89
CH4 Methane 5.63 (CH5)

7.05 (C2H5)

C4H8 Isobutane 8.31
NH3 8.84
*Values obtained from reference 4 and converted from kcal/mol to eV.
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field free region used for CID. The collection efficiency
(Ec) represents the ratio of the intensity of the ions
leaving the collision region that are collected to the
intensity of precursor ions in the absence of collision gas
[18] and is given by the equation:
Ec Fi PPo  (4)
Figure 2 compares the collection efficiency of piperidine
(M  H) ions as a function of attenuation and collision
gas pressure (measured as analyzer pressure) and
chemical ionization reagent gas. In both cases, the
collection efficiency of the ions formed by CI with
methane, isobutane and ammonia is calculated at 100%
when there is no collision gas present. For collection
efficiencies measured as a function of attenuation, the
collection efficiencies decrease linearly and are virtually
indistinguishable (Figure 2a) from one another when
beam attenuation increases because of scattering and
neutralization reactions of the ions occurring in the
collision region. For collection efficiencies evaluated as
a function of pressure in the analyzer (Figure 2b), slight
differences are observed at a given pressure. Thus, the
collection efficiency is highest for ions formed by isobu-
tane CI, followed by the collection efficiency of ions
formed by ammonia CI, in turn followed by those
generated by methane. Since all experiments were done
in the same instrument and the use of attenuation hides
the true nature of the collection efficiency pressure will
be used in all graphs from now on.
As was mentioned before, as fragmentation effi-
ciency increases, the collection efficiency decreases. The
product of these two values is called the overall CID
efficiency (ECID) and accounts for fragmentation, neu-
tralization and scattering losses during the CID process.
The utility of plotting overall CID efficiency, however,
is that it provides a much better way to view differences
in efficiencies at low attenuations than does plotting
fragmentation efficiencies. The overall CID efficiency
has been defined as the fraction of initial precursor ion
that is converted to collected product ions or the total
fragment ion current divided by the intensity of the
precursor ion in the absence of collision gas [18] and can
be written as:
ECID
Fi
Po
 Ef Ec (5)
The overall CID efficiency plots for (M  H) ions of
piperidine generated by CI with methane, isobutane
and ammonia as a function of analyzer pressure are
shown in Figure 3. As collision gas pressure is in-
creased, overall CID efficiency curves typically show an
increase and level off at the higher pressures. A de-
crease is observed at high pressures due mostly to
scattering losses. By evaluating the overall efficiency of
the HE-CID process as a function of either attenuation
or pressure, the highest values are obtained for ions
generated by isobutane CI, followed by those of meth-
ane CI. The lowest overall efficiencies are observed for
ions produced by ammonia CI. Note that the high
values of the collection efficiency for isobutane CI
Figure 2. Collection efficiency curves for the HE-CID of (M 
H) ions of piperidine produced by CI with methane, isobutane,
and ammonia as a function of: (a) Attenuation; (b) analyzer
pressure.
Figure 3. Overall CID efficiency curves for the HE-CID of (M 
H) ions of piperidine produced by CI with methane, isobutane,
and ammonia as a function of analyzer pressure.
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generated ions are amplified in these graphs.
The primary goal of this study is to evaluate the
effect of internal energy on the fragmentation process.
Thus, it is most informative to examine the fragmenta-
tion efficiency curves rather than the collection or
overall efficiency curves, both of which are affected by
scattering and neutralization. Furthermore, it is prefer-
able to plot fragmentation efficiency versus analyzer
pressure rather than attenuation, since attenuation is
also affected by scattering and neutralization losses.
The dependence of HE-CID fragmentation efficiency
on the collision gas pressure (plotted as pressure mea-
sured directly in the analyzer region) and on the re-
agent gas used for chemical ionization is shown in
Figure 4 for the (M  H) ions of piperidine, pyridine,
pyrrolidine, and pyrrole. As anticipated, fragmentation
efficiency increases linearly as collision gas pressure is
increased and the internal energy of the (M  H) ions
increases more rapidly as the number of collisions
increases, resulting in more fragmentation. In all cases,
the fragmentation degree of the (M  H) ions during
CID is dependent upon the CI reagent gas used. Frag-
mentation efficiency is the greatest for methane as
reagent gas, least for ammonia, and intermediate for
isobutane. This agrees with larger internal energy de-
posited into the (M  H) ions by CI with reagent gases
of lower proton affinities. Notice that the fragmentation
efficiencies at any given gas pressure of the five-mem-
bered heterocycles pyrrolidine and pyrrole (Figure 4c
and d, respectively) are much higher than those of the
six-membered compounds piperidine and pyridine
(Figure 4a and b, respectively). Such internal energy
effects are less evident in the bigger species (higher
degrees of freedom) because the energy is distributed
among more internal modes. This also agrees with the
study of metastable ions in which the five-membered
ring compounds showed more fragments than the
six-membered rings. Moreover, for the heteroaromatic
compounds, because of the excessive electron density
(-excessive system) in pyrrole, electrophilic addition
such as H addition should be more readily accom-
plished than in pyridine, which is considered a -defi-
cient system [20]. Even under multiple collision condi-
tions, the fragmentation efficiency is still affected by the
energy deposited by the ionization technique; therefore,
the internal energy differences are not masked by the
HE-CID process.
It has been claimed [5] that a unique advantage of
CID spectra for structure determination is their virtual
insensitivity to ion internal energy, if the peaks result-
ing from low activation energy pathways are ignored.
The CID spectra of precursor ions of the same structure
formed with different internal energies will have the
same relative abundances within statistical error, if that
assumption is valid. The results presented here indicate
that fragmentation efficiencies of the heterocyclic com-
pounds are a function of the internal energy deposited
during ionization. Note that the fragmentation efficien-
cies are a function of the total intensity of the product
ions in the CID spectra; the relative abundances may or
may not be affected.
To get a better understanding of the effect of internal
energy on relative abundance of product ions, the
intensity ratios of several product ions in the HE-CID
Figure 4. The effect of collision gas pressure (measured as analyzer pressure) and CI reagent gas on
fragmentation efficiency of (M  H) ions from: (a) Piperidine; (b pyridine; (c) pyrrolidine; (d)
pyrrole.
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spectrum of (M  H) ions of piperidine were plotted
as a function of collision gas pressure and CI reagent
gas. For each ion and at each pressure, ten scans were
averaged and the relative intensity of the fragment ions
plotted. Figure 5 shows the effect of varying the colli-
sion gas pressure and the CI reagent gas on several ion
ratios from HE-CID spectra of protonated piperidine.
The ions used for these ratios range from metastable
ions [m/z 69 and 30, which correspond to the neutral
losses of 17 u (NH3) and 56 u (C3H6N), respectively] to
ions formed purely during CID (m/z 41, 56). In all cases,
at a given collision gas pressure the ion ratios are higher
for ions formed by HE-CID of the (M  H) ions
produced by methane CI, followed by those of the ions
formed by isobutane CI, in turn followed by those of the
ions formed by ammonia CI. Recall that m/z 69 and 30
are metastable ions from (M  H) of piperidine, and
thus are formed by low activation energy pathways.
Notice that the 69/30 ion ratio with methane CI is 2 to
20 times higher than for isobutane or ammonia CI at the
same pressure. Clearly, internal energy has an enor-
mous effect on this ratio. As collision gas pressure is
increased, the 69/30 ratios get to a point where they
level off and remain nearly constant. The behavior
observed for the metastable ions was expected, since
ion internal energies have been reported to have an
effect on relative abundances of ions of low activation
energies such as the metastable ions.
Ion ratios were also evaluated for ions that are
formed only from CID processes (m/z 41 and 56) and
from a combination of metastable and CID processes
(m/z 30 and 56). For the graphs considering 41/56 and
30/56 ratios, and within the experimental error, there is
a clear effect of the precollisional internal energy on the
product ion ratios, as given by the order of the curves.
In these graphs, methane is always the top curve,
followed by isobutane, in turn followed by the curve
obtained under ammonia CI. In general, even though
these are not ions formed via low activation energy
pathways, the effect of precollisional internal energy
was not masked by the energy deposited by the CID
process.
Calculation of ion ratios was also performed for ions
resulting from the HE-CID of (M  H) from pyridine.
Metastable ions from pyridine were not observed, even
when methane (which imparts approximately 4 eV of
internal energy) was used as CI reagent gas. The CID
process, in contrast, produced ions at m/z 27, 28, 39, and
52. In Figure 6 the 28/52, 27/52, and 39/52 ion ratios for
pyridine are plotted as a function of collision gas
pressure and CI reagent gas. Note that at low collision
gas pressures no fragment ions were observed. In all
cases there is a clear separation among the curves
obtained with methane, isobutane and ammonia CI and
the curves are always similarly ordered. Indeed, the
28/52 ion ratio is approximately two times higher for
pyridine (M  H) ions produced by methane or
isobutane CI than for those produced by ammonia.
Clearly, fragment ion ratios are significantly affected by
choice of CI reagent gas. This indicates that the effect of
precollisional internal energy is still observed under
HE-CID conditions, even when the ions are not formed
by low activation energy processes.
It is important to mention that for the compounds
shown here, the high-energy CID spectra for the (M 
H) ions obtained with the different reagent gases were
similar, which indicates that ions with the same struc-
tures were produced. The differences in the fragmenta-
tion efficiency curves can be attributed to differences in
internal energy of the ions previous to CID.
LE-CID versus HE-CID
The effect of the collision gas pressure and collision
energy on the appearance of CID spectra is generally
more pronounced at low energies (100 eV) than at
high energies (keV) [21]. Thus, it should be informative
to compare the effect of reagent gas identity and colli-
sion gas pressure on LE-CID with those on HE-CID.
LE-CID spectra were obtained with argon as colli-
sion gas for the (M  H) ions from pyridine, pyrroli-
Figure 5. The effect of collision gas pressure (measured as
analyzer pressure) and CI reagent gas on several fragment ion
ratios from protonated piperidine. HE-CID 5 keV, helium used as
collision gas. m/z 30 and 69 are metastable ions.
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dine, and pyrrole at different collision energies and
collision gas pressures. LE-CID of pyridine showed
only one product ion, m/z 53 and no ion ratios were
calculated. LE-CID spectra of piperidine were not ob-
tained because of irreparable problems in the quadru-
pole section of the hybrid instrument. Thus, the com-
parison of LE-CID and HE-CID was done only for
pyrrolidine and pyrrole.
Decomposition of protonated pyrrolidine by low-
energy CID showed intense ions at m/z 18, 30, 44, and
55. Recall that m/z 30 is a metastable ion in the HE-CID
spectrum which corresponds to NH2CH2
 and it is
produced by rearrangement [17], and thus must arise
from a low activation energy pathway. Ion ratios were
calculated between m/z 55 and 30 at both high and low
collision energies. The 55/30 fragment ion ratios in
HE-CID for the (M  H) ions from pyrrolidine are
consistent throughout the entire pressure range, with
ratios for methane CI higher than those of isobutane CI,
in turn followed by those of ammonia CI. For LE-CID at
65 eV, ammonia CI shows the lowest ratios, and meth-
ane and isobutane CI curves overlap above 6 	 106
mbar. Clearly, internal energy imparted during CI has a
significant effect on the decomposition of pyrrolidine
by both LE-CID and HE-CID spectra; the differences in
internal energy from the ionization technique become
less important, however, at high collision gas pressures
in LE-CID.
The relative intensities of ions m/z 41 and 39 formed
under high- and low-energy CID of (M  H) ions of
pyrrole are shown in Figure 7. The ion at m/z 41
corresponds to the neutral loss of HCN from proton-
ated pyrrole and m/z 39 corresponds to the subsequent
loss of H2. For LE-CID, m/z 41 is predominant over m/z
39 (i.e., the ratio is much greater than 1) in all three CI
experiments. The ratios of intensities for m/z 41 to 39
range from 75:1 to 6:1. In contrast, for HE-CID, the
relative intensity of these two ions is generally about
1:1. This suggests that formation of m/z 39 ion involves
a reaction channel available at higher energies, not only
because its relative intensity is considerably higher in
HE-CID than in LE-CID, but also because its relative
intensity increases at higher collision gas pressures.
Studies by Claeys and coworkers [22] on high- and
low-energy CID spectra of ricinoleic and ricinelaidic
Figure 6. The effect of collision gas pressure (measured as
analyzer pressure) and CI reagent gas on several fragment ion
ratios from protonated pyridine. HE-CID 5 keV, helium used as
collision gas.
Figure 7. The effect of collision gas pressure (measured directly
as analyzer pressure) and CI reagent gas on the 41/39 fragment
ion ratio from protonated pyrrole. (a) HE-CID 5 keV; (b) LE-CID
65 eV. m/z 41 is a metastable ion.
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acid revealed that the associated loss of hydrogen
corresponds to a high-energy CID fragmentation pro-
cess. Clearly, the relative intensities of the product ions
in both high- and low-energy CID are affected by
internal energy imparted during ionization. These ef-
fects are more pronounced in LE-CID, where the ratio
varies by up to a factor of 10 as the reagent gas is
changed.
Conclusions
Previous publications on the role of precollisional inter-
nal energy on CID spectra have clearly demonstrated
the disagreement about whether or not precursor ion
internal energy has a significant effect. Indeed, it is still
often assumed that the ions have no memory of where
and how they were formed. The data presented here
directly address the effects of internal energy on high-
and low-energy CID spectra, particularly for the (M 
H) ions of several heterocyclic amines formed with
different internal energies via chemical ionization using
different reagent gases.
The (M  H) ions of the five-membered heterocy-
clic compounds, pyrrole and pyrrolidine, have higher
fragmentation efficiencies than the six-membered rings,
pyridine and piperidine, which agrees with the larger
number of ions observed in the metastable ion spectra
of the five-membered compounds; therefore, more frag-
mentation is induced in these systems. As expected
from the exothermicity of the proton transfer reaction,
(M  H) ions produced by methane CI showed the
highest fragmentation efficiencies, followed by those
produced by isobutane CI. The lowest fragmentation
efficiencies were observed for ions produced by ammo-
nia CI. Fragmentation efficiencies in HE-CID clearly
correlate with the amount of internal energy deposited
by the ionization technique for the compounds studied.
High-energy CID spectra include more abundant prod-
uct ions from reaction channels such as hydrogen loss
that open up at high energies. For CID of (MH) ions
of pyrrolidine and pyrrole, the low-energy process is
more sensitive to changes in internal energy at low
collision cell pressures.
Neutralization-reionization studies and calculations
have shown [23, 24] that under isobutane and ammonia
CI, protonation of pyrrole occurs on the ring carbon
atoms rather than on the nitrogen. In contrast, pyridine
is protonated exclusively on the nitrogen under isobu-
tane and ammonia CI; under methane CI, it can be
protonated on the nitrogen or on the ring carbons. The
CID spectra for the (M  H) ions studied here were so
similar that ions with the same structures can be as-
sumed and that the differences in fragmentation effi-
ciencies can be attributed to precollisional internal
energy. The difference in protonation sites may play a
role in some of the differences observed in our experi-
ments, however, and is important to address in future
studies.
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